INTRODUCTION
Mountainous terrain occupies 20% of the Earth's land surface [Barry, 1981] The character of permeable zones within a mountain massif are described in reports describing inflows to alpine tunnels [$chardt, 1905; Fox, 1907; Hennings, 1910; Keays, 1928; Meats, 1932] ; however, measurements of fluid pressure that could aid in defining the nature of mountain flow systems are generally lacking. Jamier [1975] 2. High-relief terrain enhances groundwater circulation to depths where elevated temperatures (in excess of 50øC) may be encountered. Spatial variation in temperature has a strong effect on fluid density and viscosity that, in turn, have an important influence on the rates and patterns of groundwater flow. Thermally induced differences in fluid density produce a buoyancy-driven component of fluid flow that enhances vertical movement of groundwater. In addition, reduced fluid viscosity in regions of elevated temperature contributes to increased rates of groundwater flow.
In addition to the above differences, it is important to note that rocks found in mountainous terrain have significantl)' lower permeability than materials commonly encountered in aquifer simulation studies. This reduced permeability means that considerably longer time scales are encountered when examining processes operating in mountain flow systems.
An idealized flow system is shown, without vertical exaggeration, in ral variations in precipitation events. Field observations of the complex nature and interaction of these factors are lacking for individual mountain slopes. Therefore as a first approximation, a lumped steady state approach is adopted and an available infiltration rate is defined. Available infiltration represents the maximum rate of recharge possible at the bedrock surface for specified climatic, geologic, and topographic conditions. In the absence of detailed site data, the available infiltration rate is best thought of as a percentage of the mean annual precipitation rate.
Recharge to the flow system reflects the magnitude of the available infiltration rate, the capacity for fluid flow through the system and the nature of the thermal regime. In highpermeability terrain, groundwater flow systems may accept all the available infiltration and produce a water table that lies below the bedrock surface (Figure 2) . In lower-permeability terrain, where recharge accepted by the flow system is less than available infiltration, the water table will be found close to the bedrock surface.
Conventional approaches to modeling regional groundwater flow recognize that a transition from groundwater recharge to groundwater discharge occurs at a specified point on the upper boundary. In this study, this point is termed the hinge point (HP) (shown in Figure 2 ). Because the unsaturated zone is included in this conceptual model, it is also necessary to identify the point where the water table meets the bedrock surface. This point is defined as the point of detachment (POD) (shown in Figure 2 ). In developing numerical models to analyze seepage through earthen dams, an exit point is commonly defined that has the properties of both the POD and [1982]
. Bear [1979] shows that the dispersion terms can be expanded for an isotropic porous medium as follows: 
In (14) and (15) In developing this approach, it is assumed that available infiltration is controlled by processes acting at the bedrock surface (evapotranspiration, subsurface stormflow, surface runoff) rather than by the position of the water table or by processes acting in the unsaturated zone. Therefore when varying parameters such as permeability in a numerical sensitivity analysis, the available infiltration rate is assumed to be unaffected by varying depth to water table. Where the flow system accepts the entire available infiltration, the water table will be predicted to lie below the bedrock surface and recharge to the saturated region of flow is exactly equal to the available infiltration rate. Where only a portion of the available infiltration rate is accepted, the predicted water table will coincide with the bedrock surface and recharge to the flow system will be less than the available infiltration rate. 3. Traditional free-surface approaches incorrectly assume that recharge cannot occur downslope of the point where the water table meets the bedrock surface (commonly defined as the exit point marking the upper limit of the seepage face). In developing the approach used in this study, it was necessary to identify two separate points on the upper boundary; the point where the water table meets the bedrock surface (POD) and the point that marks the transition between recharge and discharge (HP). Between these points the water table coincides with the bedrock surface. In this region, the boundary condition is specified by setting hydraulic head equal to the elevation of the upper boundary and allowing recharge to occur at a rate defined by the nature of the groundwater flow system. In steep terrain, with rocks of low permeability, recharge can occur downslope of the POD in a region that might normally be considered part of the seepage face. In regions of reduced topographic relief, the separation between HP and POD becomes smaller and these points merge at the commonly defined exit point.
Solutions to the thermal transport equation ((equation
4. The fluid and thermal regimes are modeled using a Galerkin finite element technique in conjunction with a freesurface approach to estimate the position of the water table. Two finite element grids are required in solving this problem. The mesh for fluid flow is generated only within the saturated zone. The mesh for heat transfer extends from the basal boundary to the bedrock surface, incorporating both saturated and unsaturated regions of flow. Coupling between heat transfer and fluid flow is facilitated by ensuring a one-to-one correspondence between nodes located below the water table.
5. The numerical method developed in this paper provides the means to examine the factors that control groundwater flow and heat transfer in mountainous terrain: geology, surface topography, climate, and regional heat flow. It is advantageous to adopt the flee-surface approach when performing sensitivity analyses because recharge to the flow system is con- reducing the infiltration rate decreases the separation between POD and HP (A and E). In low-relief topography, the separation becomes negligible and the usual exit point definition is valid. in high-relief mountainous topography, the separation between POD and HP can be substantial and must be considered in the numerical formulation. Bear [1972, pg. 272 ] notes that mapping free-surface groundwater flow problems into the hodograph plane is a useful method for examining flow conditions at the boundaries. While the boundary between the free surface and the seepage face is initially unknown in the physical plane, in the hodograph plane it is completely defined. This mapping procedure provides an analytical argument that supports the concept of separated POD and HP on seepage faces in mountainous terrain. Details on methods of mapping from the physical to hodograph planes can be found in the work by Bear [1972] and Verruijt [1970] . 
